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(57) Abstract 

An articular surgical instrument (12) for enhancing the 
positioning mechanism (14) for supporting ^T^ofZ^^^ 

operating room .able. The instrument (12) has a h.gh teg* .ofi e^nty ^™~°T S opem^ Becoming to a macro-micro actuation 
mechanism (14) provides a large range of mouon K> dw .nstmrne 3^ aHows for sensitive force feedback to a master 

^peCce «S5. and fori scaling between the instrument (12) and the master controller (150). 
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FORCE-REFLECTING SURGICAL INSTRUMENT 
AND POSITIONING MECHANISM FOR PERFORMING 

MINIMALLY INVASIVE SURGERY 
wtth FNHANCE n DFYTF.RITY AND SENSITIVITY 

5 

FIELD OF THE INVENTION 

This invention relates generally to methods and apparatus for enhancing 
the performance of minimally invasive surgery. This invention relates 
particularly to surgical systems using servomechanisms to augment a surgeon's 
10 ability to perform minimally invasive surgical procedures. This invention relates 
more particularly to a novel combination of surgical instrument and instrument 
positioning system for minimally invasive surgery which has a high degree of 
dexterity, low friction, low inertia and good force reflection. 

BACKGROUND OF THE INVENTION 

15 Minimally invasive medical techniques are aimed at reducing the amount 

of extraneous tissue which must be damaged during diagnostic or surgical 
procedures, thereby reducing patient recovery time, discomfort, and deleterious 
side effects. Approximately 21,000,000 surgeries are now performed each year 
in the United States. It is estimated that 8,000,000 of these surgeries can 

20 potentially be performed in a imminally invasive manner. However, only about 
1,000,000 surgeries currently use these techniques due to limitations in 
nunimally invasive surgical instruments and techniques and the additional 
surgical training required to master them. 

Advances in minimally invasive surgical technology could have a 
2 5 dramatic impact. The average length of a hospital stay for a standard surgery is 8 
days, while the average length for the equivalent minimally invasive surgery is 4 
days. Thus, the complete adoption of nunimally invasive techniques could save 
28,000.000 hospital days, and billions of dollars annually in hospital residency 
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costs alone. Patient recovery times, patient discomfort, surgical side effects, and 
time away from work are also reduced with minimally invasive surgery. 

The most common form of minimally invasive surgery is endoscopy. 
Probably the most common form of endoscopy is laparoscopy which is 
5 minimally-invasive inspection and surgery inside the abdominal cavity. In 
standard laparoscopic surgery, a patient's abdomen is insufflated with gas, and 
cannula sleeves are passed through small (approximately inch) incisions to 
provide entry ports for laparoscopic surgical instruments. 

The laparoscopic surgical instruments generally include a laparoscope for 
10 viewing the surgical field, and working tools such as clamps, graspers, scissors, 
staplers, and needle holders. The working tools are similar to those used in 
conventional (open) surgery, except that the working end of each tool is 
separated from its handle by an approximately 12-inch long extension tube. 

To perform surgical procedures, the surgeon passes instruments through 
1 5 the cannula and manipulates them inside the abdomen by sliding them in and out 
through the cannula, rotating them in the cannula, levering (i.e.. pivoting) the 
instruments in the abdominal wall and actuating end effectors on the distal end of 
the instruments. The instruments pivot around centers of rotation approximately 
defined by the incisions in the muscles of the abdominal wall. The surgeon 
20 monitors the procedure by means of a television monitor which displays the 
abdominal worksite image provided by the laparoscopic camera. 

Similar endoscopic techniques are employed in arthroscopy, 
retroperitoneoscopy, pelviscopy, nephroscopy. cystoscopy, cisternoscopy, 
sinoscopy, hysteroscopy and urethroscopy. The common feature of all of these 
25 nTinimally invasive surgical techniques is that they visualize a worksite within the 
human body and pass specially designed surgical instruments through natural 
orifices or small incisions to the worksite to manipulate human tissues and 

2 
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organs .us avoiding the collateral — — • — " ^ 
would result from creating open surgical access. 

There are many ^advantages of current minimally invasive surgical 
There are ma y two-dimensional 
technology First, the video image of the worksite is typ j 

The surgeon is deprive o, ft.*— ■ - « ^ 
correcting ham movemenrs with «- — - * ' the body 

^ Second. U« — ^^tCT^--* 
^ the dp o, to » » «•» » * ^ „ 

of mo, p.aceuK»t found m ««. ^ ' „ of fc 

«* UKiamn. Fourt, the tar* ^ ^ 

Uurnuments reduces the surgeon s ability to feel 
15 organs on rhe end effector of the tool. 

Overcoming the* disadvamages and achieving expertise in endoscopic 
Overcoming fenjiiarizanon with 

procedures .eouires extensive praence and ^ 

^oscopic tools. However, despite surgeon s adaptauoo 

ondoscopic surge. d« te brough, - 

surgical tools and <he difficulty of using the tools. 

Te^er, systems for use in surgery are heing developed to uicre^e a 
vLlto • well as to alio* a surgeon lo operale on a panem from a 
25 surgeon's dexterity as well as m ,„ r ™,.ical systems where the 

iocanon. Telesurger, is a genera, .ems for * 
^ indirect conuols surgical insoumen. movements rather .nan 
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holding and moving the tools. In a system for telesurgery, the surgeon is 
provided with an image of the patient's body at the remote location. While 
viewing the three-dimensional image, the surgeon performs the surgical 
procedures on the patient by manipulating a master device which controls the 

5 motion of a servomechanism-actuated instrument. The surgeon's hands and the 
master device are positioned relative to the image of the operation site in the 
same orientation as the instrument is positioned relative to the act. During the 
operation, the instrument provides mechanical actuation and control of a variety 
of surgical instruments, such as tissue graspers, needle drivers, etc., that each 

10 perform various functions for the surgeon, i.e., holding or driving a needle, 
grasping a blood vessel or dissecting tissue. 

Such telesurgery systems have been proposed for both open and 
endoscopic procedures. An overview of the state of the art with respect to 
telesurgery technology can be found in "Computer Integrated Surgery: 
15 Technology And Clinical Applications" (MIT Press, 1996). Moreover, prior 
systems for telesurgery are described in United States Patents, 5,417,210, 
5.402.801, 5,397,323, 5,445,166, 5,279,309, 5,299,288. 

Proposed methods of performing telesurgery using telemanipulators 
create many new challenges. One such challenge is transmitting position, force, 

20 and tactile sensations from the surgical instrument back to the surgeon's hands as 
he/she operates the telesurgery system such that the surgeon has the same feeling 
as if manipulating the surgical instruments directly by hand. For example, when 
the instrument engages a tissue structure or organ within the patient, the system 
should be capable of detecting the reaction force against the instrument and 

25 transmitting this force to the surgeon. Providing the instrument with force 
reflection is required to reduce the likelihood of accidentally damaging tissue in 
areas surrounding the operation site. Force reflection enables the surgeon to feel 
resistance to movements of the instrument when the instrument engages tissue. 

4 
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It would further be desirable to provide a servomechanical surgical 
apparatus which is highly responsive, has a large range of motion and can 
accurately follow rapid hand motions that a surgeon frequently uses in 
performing surgical procedures. 

5 It would still further be desirable to provide a servomechanical surgical 

apparatus that increases the dexterity with which a surgeon can perform 
endoscopic surgery by providing an easily controlled wrist joint. 

SUMMARY AND OBJECTS OF THE INVENTION 

It is accordingly an object of this invention to provide a servomechanical 
10 surgical apparatus for holding and manipulating human tissue under control of a 
teleoperator system. 

It is also an object of this invention to provide a servomechanical surgical 
apparatus which can provide the surgeon with sensitive feedback of forces 
exerted on the surgical instrument. 

It is a further object of this invention to provide a servomechanical 
surgical apparatus which compensates for gravitational forces acting on the 
apparatus and ensures these forces are not felt by the surgeon. 

It is a further object of this invention to provide a servomechanical 
surgical apparatus which is highly responsive, has a large range of motion and 
20 can accurately follow rapid hand motions that a surgeon frequently uses in 
performing surgical procedures. 

It is still further an object of this invention to provide a servomechanical 
surgical apparatus that increases the dexterity with which a surgeon can perform 
endoscopic surgery by providing an easily controlled wrist joint. 

In accordance with the above objects of the invention applicants describe a 
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Fig. 5 is a perspective view of the distal end of the force-reflecting instrument. 
Fig. 6 is a simplified schematic drawing of the force-reflecting instrument 
showing the cables and pulleys. 

Fig. 7 is a perspective view of the base portion of the positioning mechanism 
5 showing the drive motors. 

Fig. 8a is a perspective view of a cable wrapped around the drive shaft of a 
drive motor. 

Fig. 8b is a perspective view of a cable wrapped around the drive shaft of a 
drive motor and driving a drum mechanism. 
L 0 Fig . 8c is a schematic drawing showing another preferred method for driving 

the cables in the present invention. 

Fig. 9 is a top view of the wrist member of another preferred force-reflecting 
instrument. 

Fig. 10 is a schematic representation of a simple master-slave system for 
15 illustration purposes. 



Detailed Description of the Pre ferred F.mhodiments 

The instrument in the first embodiment includes an elongate support member 
having a proximal portion and a distal portion lying along a longitudinal axis. A 

20 distal wrist member is rotatably coupled to the distal portion of the support member 
by a wrist joint. First and second opposed work members are mounted to respective 
first and second driven capstans. The first and second driven capstans are rotatably 
mounted to the wrist member by respective first and second capstan joints. First, 
second, third and fourth intermediate idler pulleys are rotatably mounted to the wrist 

2 5 member about the wrist joint. A cable drive system including first, second, third and 
fourth cables is provided. Each intermediate idler pulley is engaged by one cable and 
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enables a user operating the master device to feel forces that are experienced by the 
instrument during positioning and use of the instrument with greater sensitivity than 
with prior systems. 

The present invention also provides a cable drive system for driving an 
instrument including first, second, third and fourth cables for driving the instrument. 
A first proximal idler pulley rotatably engages and tensions the first and second 
cables. A second proximal idler pulley rotatably engages and tensions the third and 
fourth cables. Fifth and sixth cables are connected to the first and second proximal 
idler pulleys for tensioning the first and second proximal idler pulleys. A third more 
proximal idler pulley is rotatably mounted to a support member for rotatably engaging 
and tensioning the fifth and sixth cables. First, second and third actuators are 
included with each actuator driving one of the first to sixth cables. 

In preferred embodiments, a linear bearing is mounted in sliding engagement 
with the support member for allowing the support member to be reciprocated relative 
15 to the linear bearing. The cable drive system further includes a fourth actuator so that 
each of the first to fourth actuators drives one of the first to sixth cables. 

Details about the preferred attributes of the surgical instrument are also 
described in applicants' copending applications titled "Wrist Mechanism For 
Surgical Instrument For Performing Minimally Invasive Surgery With Enhanced 
20 Dexterity And Sensitivity" and "Articulated Surgical Instrument For Performing 
Minimally Invasive Surgery With Enhanced Dexterity And Sensitivity" filed on 
even date herewith. The disclosures of these applications are incorporated herein 
by reference. 

Referring to Fig. 1, telesurgery system 10 allows a surgeon at one location to 
2 5 perform surgery on a patient at another location. The surgeon may be in the same 
operating room as the patient or many miles away. Telesurgery system 10 includes a 
force-reflecting surgical instrument 12 which is mounted by a mounting bracket 36 to 
a positioning mechanism 14. Instrument 12 and positioning mechanism 14 are 

10 
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joints 19a and 19b providing rotational motion about axis A for work members 20a 
and 20b. Instrument 12 provides master device 150 with four degrees of force 
reflection so that the surgeon can have tactile feedback of surgical procedures. These 
degrees of force reflection include forces exerted on the work members 20a and 20b, 
5 as well as the holding force between work members 20a and 20b. However, force 
reflection can be provided on more or less motion axes as required in any particular 
embodiment. 

Positioning mechanism 14 is a two degree-of-freedom linkage consisting of a 
four bar linkage which rotates about an axis E-E. Positioning mechanism 14 has a 

10 series of rigid members 36, 40, 42, 60 and 62 which are joined together by joints 34, 
38. 48, 50, 52, 54, 56. Positioning mechanism 14 also includes a base 68 having ears 
58 which engage shafts 64 and 66 to form a joint 57 for pivoting about axis E-E. 
Joint 56 allows link 62 to rotate about axis D-D which is orthogonal to axis E-E. The 
four bar linkage of rigid members 36, 40, 42, 60 and 62 transmits this rotation to 

1 5 instrument 12 via bracket 36 causing instrument 12 to route about axis E-E and axis 
D'- D' (axis D'- D' is parallel to axis D-D and intersects axis E-E orthogonally). Thus 
the four bar linkage operates to move point P, of instrument 12 about the surface of a 
sphere having its center at a remote center 111. 

Although a four bar linkage has been shown, the present invention can 
2 0 incorporate any suitable positioning mechanism. To be suitable for minimally 

invasive surgery the positioning mechanism must pivot the surgical instrument about 
axes that intersect at the orifice through which the instrument 12 is inserted into the 
patient. One of the advantages of the present invention is that it does not require force 
feedback information to be provided by the positioning mechanism and thus allows a 
2 5 wide range of positioning mechanism design. 

Referring to Fig. 2, a simplified illustration of a haptic master device 150 
suitable to control instrument 12 and positioning mechanism 14 is shown. Master 
device 150 includes a two degree-of-freedom linkage 158 which is pivotably coupled 

12 
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20b about axis G requires coordinated rotation of the instrument elements about axis 
A-A and B-B. Computer 11 determines the appropriate transformation from master 
rotation to instrument rotation according to standard methods. Likewise, rotating 
mechanism 152 about axis K-K as indicated by arrow 178 or about axis H-H as 
5 indicated by arrow 174 also causes coordinated motion of instrument 12 about axes A- 
A, B-B and C-C to cause corresponding rotational movement of the work members of 
the instrument. 

Mechanism 152 has a seventh degree-of-freedom in that finger grips 166 can 
be moved together and apart as indicated by arrow 175. Relative motion of finger 
10 grips 166 is detected by encoder E8 of motor M8. Position data is transmitted from 
encoder E8 to computer 11. Computer E8 then transmits the appropriate signals to 
motors M1-M4 of instrument 12 to cause corresponding relative motion of capstan 
joints 19a and 19b and work members 20a and 20b. 

Although the work member control mechanism 152 may comprise typical 
1 5 surgical instrument handles as shown in Fig. 2 it could alternatively comprise thimbles 
or similar devices which can be operated by the surgeon's fingers. As an alternative 
embodiment work member control mechanism 152 can be replaced by a simple wand 
connected to gimbal joint 164 for orientating instrument 12. One apparatus suitable 
for use as a master in the presently described system is described in United States 
20 Patent 5,587,937. tided Force Reflecting Haptic Interface the contents of which are 
incorporated by reference herein. Another suitable master device is described in 
United States Patent 5,576,727. titled Electromechanical Human-Computer Interface 
With Force-Feedback the contents of which are incorporated by reference herein. For 
use in this invention, the apparatus disclosed in the above references would require the 
25 addition of a further powered degree-of-freedom to provide force reflection from 
gripping the work members. Potentially, in this embodiment finger grippers 166 
motor M8 and encoder E8 may be located on a separate mechanism for operation by 
the other hand of the surgeon. Alternatively, finger grippers may be attached to a 
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rotation from positioning mechanism 14 which coincides with entry wound 112. 
When positioning mechanism 14 is pivoted about axes D and E. instrument 12 pivots 
about point 111. Note that point 111 adjacent incision 112 remains stationary as the 
instrument 12 is pivoted within the patient. As a result, incision 112 only needs to be 
5 large enough to accept instrument 12. 

As positioning mechanism 14 pivots, if wrist member 22 or work members 
20a/20b engage tissue causing rotation about joints 16 or 19a/19b, instrument 12 will 
reorient itself so that instrument 12 is maintained relative to positioning mechanism 14 
in the middle of its workspace. If necessary, positioning mechanism 14 can slow 
10 down as instrument 12 is reorienting itself. 

Once instrument 12 is in the proper position, by further manipulating master 
device 150, the surgeon can perform the necessary surgical procedures on the patient 
with instrument 12. Forces experienced by instrument 12 are reflected back to the 
surgeon by master device 150. The reflected forces may be scaled up in order to 
15 allow the surgeon to better "feel" the surgical procedures. As a result, the surgeon 
can feel instrument 12 engaging types of tissue that do not provide much resistance. 
In addition, movements of master device 150 relative to instrument 12 may be scaled 
down so that the precision and dexterity of instrument 12 can be increased. 

Positioning mechanism 14, because it is optimized to have a large range of 
2 0 motion, is likely to have higher inertia, higher friction and lower resolution than 
instrument 12. Moreover, friction forces in cannula 113 and disturbance forces at 
incision 112 may be applied to the positioning mechanism. However, in applicants' 
preferred embodiment, it is primarily the instrument that detects forces for force 
reflection. Therefore, the higher inertia and friction of the positioning mechanism and 
2 5 the extraneous forces acting on it are excluded from the force reflection system. 
Thus, the quality of the force reflection between the tip of the instrument 12 and the 
master device is greatly improved. 

Referring to Figs. 4A, 4B and 5, instrument 12 is now described in greater 
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which are connected together by a support rod 100 as well as two guide rails 104 and 
106. A rotary bearing 91 forming rotary joint 26 is housed within support bracket 98 
for supporting tubular support member 24. Sliding bracket 96 is slidably mounted to 
guide rails 104 and 106 along linear bearings. As shown in Fig. 1, sliding bracket % 
5 is connected by bracket 36 to positioning mechanism 14. Sliding bracket 96 

preferably has about 8 inches of travel for surgical applications. Drive motors Ml, 
M2, M3, M4 and M5 are mounted to sliding bracket 96 and drive respective cables 
CI, C2, C3 and C4 and C5. Each drive motor Ml, M2, M3, M4 and M5 includes a 
respective encoder El, E2, E3, E4 and E5 for providing computer 11 with the 
1 0 rotational position of their respective drive shafts. 

As shown in Figs. 4a and 4b, drive motor M5 has a drive shaft capstan 93 
which engages a cable drive loop consisting of Cable C5. The cable passes around 
rear tensioning pulley 83. The cable passes around idler pulleys 84 and 85 and 
around drive capstan 90 which forms the proximal end of tubular support member 24. 
15 Thus, actuation of motor M5 can be used to rotate tubular support member 24 and the 
end effector it supports. 

Referring to Fig. 6, the cable drive system of instrument 12 is now described 
in greater detail. Work members 20a and 20b, wrist member 22 and the translation of 
instrument 12 along longitudinal axis C are driven by cables CI, C2, C3 and C4 
20 which are arranged in an N + 1 actuation scheme. The N + 1 actuation scheme 

allows the actuation of a three degree-of-freedom wrist using 4 cables. 4 cables is the 
theoretical minimum possible number of tension elements required to drive three 
degrees-of-freedom and thus allows the instrument to be of minimum size and weight. 
Alternative actuation schemes using more cables may be desirable in situations where 
25 the forces required for actuation of different motions differ greatly in magnitude. The 
disadvantage of using more cables is an increase in weight, complexity and niinimum 



size. 



In Fig. 6. the rotational motion of joint 26 about axis C-C is omitted in order 
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Driven capstans 18a and 18b may have different diameters in order to allow 
cables CI through C4 to suitably engage their respective intermediate idler pulleys. 
Cables CI and C2 engage the outer intermediate idler pulleys 70 and 76 while cables 
C3 and C4 engage the inner intermediate idler pulleys 72 and 74. Proximal idler 
5 pulleys 78 and 80 are sized such that pulley 80 is larger than pulley 78 to keep the 
cables straight. 

Drive motors Ml, M2, M3 and M4 control rotation of wrist member 22 about 
axis B-B, translation of instrument 12 longitudinally along axis C-C and rotation of 
work members 22a and 22b independent of each other about axis A-A by driving 
10 cables CI , C2, C3 and C4. Drive motors Ml and M2 drive cables C1/C2 in unison 
in opposition to cables C3/C4 driven by drive motors M3 and M4 in order to rotate 
wrist member 22 about axis B-B. Drive motor Ml drives cable CI in opposition to 
cable C2 driven by drive motor M2 to rotate capstan 18a and attached work member 
20a about axis A-A. In addition, drive motor M3 drives cable C3 in opposition to 
1 5 cable C4 driven by drive motor M4 to rotate capstan 18b and attached work member 
20b about axis A-A. All four drive motors Ml. M2, M3 and M4 drive cables CI, 
C2, C3 and C4 simultaneously to translate instrument 12 along longitudinal axis C-C. 

Locating drive motors Ml. M2. M3, M4 and M5 on sliding bracket 96 makes 
the distal portion 28b of instrument 12 have a small moving mass since the motors 
2 0 themselves remain stationary during actuation of the instrument. Although the motors 
are moved by positioning mechanism 14, the weight and inertia of the motors do not 
affect force reflection. This is because, as stated above, in the preferred embodiment, 
only the instrument 12 is used to reflect forces to the master. In addition, employing 
cables instead of gears to control instrument 12 minimizes the amount of friction and 
2 5 backlash within instrument 12. The combination of small moving masses and low 
friction enables instrument 12 to provide force reflection to master device 150 with 
high sensitivity. 

Certain possible changes to the configuration of pulleys, cables and motors 
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shaft 66. Encoders E6 and E7 provide computer 1 1 with the rotational position of the 
drive shafts of respective drive motors M6 and M7. 

Positioning mechanism 14 is preferably statically balanced such that the mass 
of the positioning mechanism 14 and instrument 12 is approximately symmetrically 
5 distributed about axis E-E. For example drive motor M6 is located under axis E-E to 
partially counterbalance the weight of links 40, 42, 60 and 62. Additional 
counterweights can be added without compromising force reflection because they add 
inertia to positioning mechanism 14 and not instrument 12. Static balancing may be 
facilitated by reducing the mass of the positioning mechanism by using lightweight 
10 materials such as aluminum tubing for construction of the links. Static balancing is 
advantageous because it reduces the balancing load that would otherwise be placed on 
drive motors M6 and M7. Moreover, static balancing is one means for reducing the 
chance for rapid motion of the positioning mechanism 14 and instrument 12 in the 
event of failure of either of drive motors M6 or M7 . 

15 Referring to Figs. 8a and 8b, cables CI, C2, C3, C4, C5, C8 and C9 are 

driven by being wrapped about the drive shaft of their respective drive motors Ml, 
M2, M3, M4. M5. M6 and M7. For example, in Fig. 8a, cable C4 of cable loop 46 
is wrapped around the drive shaft of motor M4. Cable C4 is preferably wrapped two 
times around the drive shaft to provide enough friction between the cable C4 and the 

20 drive shaft to prevent slippage. In order to further prevent slippage the cable may be 
fixed to the drive shaft at one point by soldering, welding or mechanical fixing means. 
However, in such an embodiment the range of motion of the cable is limited by the 
length of cable wrapped around the drive shaft or capstan thus several turns of cable 
are usually required. 

25 Fig. 8b illustrates the cable drive for dmms 32 and 42 of positioning 

mechanism 14. As the shaft of drive motor M6 rotates, cable C8 winds onto one side 
of the shaft and out from the other side. Thus, cable C8 translates past the shaft of 
motor M6 resulting in rotation of drum 42. Note that the shaft of motor M6 has no 
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and is typically large with a large range of motion and inertia. The micro-freedom is 
small with a correspondingly smaller range of motion and inertia, and is actuated with 
relative to the macro-freedom, and is defined to be the distal side of the system. 
Fig. 10 depicts an example of a one degree-of-freedom master-slave system 
5 which consists of a linear slave instrument 201 operated by two redundant actuators 
202, 203 and a linear master device 205 having one actuator 206. M3 is a mass 
representing a master device 205 which is used to control the motions of the slave 
device. F3 is the force applied to mass M3 by the master actuator 206. Ml is a mass 
representing the macro-instrument which has a large range of motion - it is equivalent to 
1 0 the positioning mechanism of the present invention. Fl is the force applied by the 

macro-actuator 202 to ground. The macro-instrument is slaved directly to the position 
of the master 205 and operates to maintain the micro-instrument within its workspace. 
In order to allow for a wide range of motion, the macro-instrument has a large structure 
and thus typically has a relatively high inertia and possibly high friction. However, the 
15 macro-instrument must still be able to maintain good (high bandwidth) position and 
velocity control. 

M2 is a mass representing the micro-instrument which has a relatively small 
range of motion relative to the macro-instrument and the master 205. However, the 
small structure of the micro-instrument M2 enables it to be built to have low inertia and 

20 low friction compared to the macro-instrument. The slave degrees-of-freedoro both 
contribute to the output X because the micro-instrument is mounted on the macro- 
instrument in serial fashion. The micro-instrument force, F2, is applied between Ml 
and M2. XI is the position of the macro-instrument, and Fl is the motor force applied 
between the macro-instrument and ground 204 by the macro-actuator 202. X2 is the 

25 position of the micro-instrument relative to the macro-instrument. X is the position of 
the micro-instrument relative to ground resulting from the combination of XI and X2. 
X3 is the position of the master instrument M3. The user who is holding the master M3 
feels the resulting forces as force reflection. 
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Equation 1. 


V d = VJposscale 




Equation 2. 


x ld = x d 




Equation 3. 


X M - X,j - x t 




Equation 4. 


X* = X.posscale 




Equation 5. 


v M -v d 




Equation 6. 






Equation 7. 


V M = V.posscale 




Equation 8. 


F, = -kp.CXrXtc) - 




Equation 9. 
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Equation 10. 


F 3 = -MXi-X«>' 




Equation 11. 
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the position gains k,,, k, 2 , and and the factor posscale. In particular, the ratio 
^/k^ determines the force gain between the master and slave. For example, when the 
ratio kpj/kp! = 2 forces applied to the slave are magnified to be twice as large at the 
master. If, in addition, posscale = 1. the stiffness of objects at the slave will also be 

5 doubled at the master. If tylfc = 2 P° sscale = 2 ' stiffnesS encountered by ^ 
slave will be unchanged at the master, while forces will still be doubled. The velocity 
gains Ki. kv 2 , and k, 3 can be used to control system stability. 

To understand the qualitative effect of macro-micro control imagine that a small 
force is applied to M2. Because M2 has low inertia, and presumably also low fiction, it 
10 will deflect with little resistance relative to Ml. This motion will be tracked by the 
master M3. If the user is holding M3, he will feel a force, and the sensitivity with 
which he will feel forces applied to M2 increases as the inertia and friction of M2 
relative to Ml decreases. The utility of coupling M2 to Ml is that Ml increases the 
range of motion of the slave. Since M2 can only move a short distance relative to Ml, 
15 Ml provides a moving base for Ml, so that the combined system has both the sensitivity 
of M2 and the large range of motion of Ml . 

The macro-micro actuation scheme illustrated in Fig. 10 is a simple one degree- 
of-freedom linear system. However, the same scheme and the same general equations 
can be readily expanded to a 3 degree-of-freedom system such as applicants' system 
2 0 using well known principals of robotics and mathematics. The motion of the point P, of 
instrument 14 has only three possible degrees-of-freedom and is redundantly controlled 
by motion of the combination of the positioning mechanism and instrument with six 
degrees-of-freedom. For each axis of motion of the point P s there are a plurality of 
actuators which control motion of point along that axis. For each such axis under 
2 5 macro-micro control there is at least one micro-actuator and at least one macro-actuator 
distinct from the micro-actuator. 

While this invention has been particularly shown and described with reference 
to preferred embodiments thereof, it will be understood by those skilled in the art that 
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What is claimed is: 

1 . A system for minimally invasive surgery comprising an articulated surgical 
instrument, a positioning mechanism and a controller wherein: 

the articulated surgical instrument is adapted to be inserted into a patient 
5 through a small incision to a location adjacent a surgical worksite and comprises a 
surgical end effector connected by a wrist mechanism to an elongate support member 
which is coupled to a mounting bracket wherein the mounting bracket is adapted to 
releasably connect the surgical instrument to the positioning mechanism and wherein 
the surgical instrument is operated by four actuators to move the end effector of the 
10 surgical instrument with four degrees-of-freedom relative to the mounting bracket; 

the positioning mechanism comprises a base which is fixed relative to the 
patient, a support bracket adapted to releasably connect to the mounting bracket of the 
surgical instrument, and an arm linkage connecting the base to the support bracket 
wherein the arm linkage comprises a plurality of rigid links and joints and is operated 
15 by two actuators to move the support bracket with two degrees-of-freedom relative to 
the base whereby the combination of the positioning mechanism and the surgical 
instrument is operative to move the end effector of the surgical instrument with six 
degrees-of-freedom relative to the base; 

wherein the surgical instrument provides force feedback to the controller in at 
20 least three degrees-of-freedom; and wherein the positioning mechanism provides no 
force feedback to the controller. 

2. The system of claim 1 wherein the articulated surgical instrument and the 
positioning mechanism are operated together in accordance with a macro-micro 
actuation scheme. 

25 3 . The system of claim 1 wherein the positioning mechanism further comprises a 
setup joint which connects the base to an operating room table. 
4. The system of claim 2 wherein force scaling is provided between the controller 
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and the surgical instrument. 

5. The system of claim 1 wherein forces incident on <he surgical insmimen, are 
magnified at the controller. 

6. The system of claim 2 wherein impedance scaling is provided between the 
controller and the surgical instrument. 

7. The system of claim 4 wherein impedance scaling is provided between the 
controller and the surgical instrument. 

8. A system for minimally invasive surgery comprising: 
surgical manipulation means for insertion into a patient through a small 

incision to a location adjacent a surgical worksite an4 manipulation of human tissues 
at the surgical worksite; 

phoning means for re.eas.my supporting the surgical manipulation means 
ui moving me surgical manipulation means with two degrees-of-fteedom; 

wherein me surgical manipulation means comprise, a surgical end effector for 
1 5 manipulating human tissues , 

wherein the surgical manipulation means comprises an articulated wrist 
n^banism which couples the surgical end effector means to an elongate support 
member and permits movement of the surgicai end effecmr wim two degrees-of- 
fteedom relative to the elongate support member, 
20 wherein the ^«*i^^^ a >^ m0 '™^ 

dongate suppon member can move wnh rwo degrees^f-freedom relative to me 
mounting bracket; 

wherein the mounting bracket is adapted to releasably connect the surgical 
2 5 manipulation means to the positioning means: 

whereby the combination of the positioning mechanism and the surgical 
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„nt is operative ro move the * effecror of the surgical insrrumen. whh six 
degrees-of-freedom relative to the base; 

whemin tire surgical manipulation means provides foroe feedbaek <o to 
comrotter means in ar .east rhree degrees-of-freedom; and wherein the posmorung 
5 ^ans provides no force feedback to the controller means. 

, Tbe sys«m of daim I wherein the surgical manipulation m«ns and the 

scheme. 

X, semp mear. for connecting the positioning means ,o an operating room .able. 

u . The sysrem of cUim 9 wherein force scaling is provided berween * comrofier 

means and the surgical manipulation means. 
a The svstem of Calm 10 wherein forces i«idenr on d. surgical manipulation 
means are magnified at the controller means. 
15 13 The sysremof claim 9 wherein impedance scaling is provided between the 
controller means and the surgical manipulation means. 
U The sysrem of claim 11 wherein impedance scahng is provided between .he 

comroller means and me surgical manipuiarion means. 
U A method for minimally invasive surgery comprising the sreps of: 

providing an anient surgicd insmunen. comprising a surgical end erTec.br 
co Ja^r mechanism to an elongate su*or, member which is coupled ,0 a 
^.Lterwhereinrhemounfinghr^isaaap^mre^ablycon^ctrhe 

surgical instnimenr to the positioning mechamsm; 

Riding a positioning mechanism comprising a base which is fixe* ml** » 

* surgical immanent, and an arm Imkage connecrmg me base ton* PP 
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wherein the arm linkage comprises a plurality of rigid Ml and joints; 

coupling me surgical instrument to the positioning mechanism; 

^sorting me surgical instrument imo a through a small incision ro a location 

adjacent a surgical worksite; 
5 ^gap.umUtyofactuatorammo.emeendeffecu.rofmesurgica! 

instrument wirh four aegrees^f-freedom relative to me mourning bracket and move 
ft. support hacker of me positioning mechanism with two degmes-of-freedom 
relative to the base; 

transmitting force feedback information from the surgical instrument to the 
10 controller in at least three degrees-of-freedom; 

whereby the end effector of the surgical instrument is positioned with six 
degrees-of-freedom relative to the surgical worksite and force feedback control is 
provided in three degrees-of-freedom. 

16 The method of claim 15 wherein the step of operating a plurality of actuators 
comprises operating the actuators in accordance wim a macro-micro actuation scheme. 

17 The method of claim 15 farther comprising the steps of providing a setup joint: 
connecting the setup joint to the base of the positioning mechanism and to an 
operating room table. 

It The method of cUim 16 wherein the step of operating a pluraliry of acroaors 
comprises operating the acmators to provide force scaling between the 
conrroller and the surgical insmiment. 
» The mernod of claim 18 wherein me smp of operating a plurality of acmatots 
comprises operating she acruators to magnify forces incident on the surgical 
instrument at the controller. 
25 20 msysmmofclahnltiwheremti^smpofoperatingaplutalttyofacmamrs 

crises operating rb= acmatots to provide impedance seating between the 
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controller and the surgical instrument. 
21 The sys «m of cUta 18 whcein Uk s«p of operaung a pM* of acmators 
' coropL operating to actual . pnwi* i^peoanc scaHog bc.ee,, to 
controller and the surgical instrument. 
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FIG. 2 
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